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Abstract

The requirements for second-generation B expenments at hadron coiliders are discussed. The prospects for mounting
such an experiment at the Fermilab Tevatron Collider are reviewed. Early results from a design sudy which is intended to

produce an opumum detector for the Tevatron are presented.

1. Introduction

B-physics experiments which have hopes of achieving
enough sensitivity to observe and study CP violation and
the related topic of B, mixing are being constructed at sev-
erai locations: at new asymmetric energy e "¢~ colliders at
SLAC [1] and KEK [2); at the existing symmetric energy
e7e” collider (3], CESR, at Comeii: at a novel fixed tar-
get experiment using the proton beam halo at HERA, the
HERA-B experiment [4]; and in Pp experiments using up-
graded versions of the two “*generai purpose” detectors, CDF
(5] and DO (6], at the Fermiiab Tevawon. This may truly
be characterized as a “world-wide” effort.

In this paper, we expliore the prospects for a “second gen-
eration” B-physics experiment at the Fermilab Tevatron af-
ter the year 2000. We begin by reviewing the capabilities
expected in the “first generation” experiments mentioned
above; we then state what we believe are the requirements
for a “second generation” experiment: we describe the evo-
lution of the Fermilab Collider into the early years of the
next millentum - including its luminosity and bunch spac-
ing and its scientific program options; next we describe the
goals and activities of the B-Physics Design group at Fer-
milab; we present some early resuits on the sensitivity for
sin 2a obtained from simulation of both central and forward
detectors; and finally we describe the future activities and
goals of the design effort.

2. Prospects for the first generation experiments;
requirements for second generation experiments
B physics probes a significant fraction of the CKM ma-

trix and offers a large variety of possible Mmeasurements,
including B lifetimes. charmless B decays. B°-B° mixing,
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CP-violating asymmetries. B.-B, mixing and rare (FCNC)
decays. B-physics tests the Standard Model expianation of
CP violation. While peopie tend to focus on a few asym-
metries which have relatively clean theoretical explanations
and experimental signatures, there is a rich variety of possi-
bie asymmetries including indirect CP vioiation in the neu-
wral mesons and direct CP violation in mesons and baryons,
charged and uncharged. Most imponantly, we should not
lose sight of the fact that we are hoping to observe new
physics which is not consistent with the Standard Model.

The first round of experiments that hope to achieve sen-
sitivity at the expected level of CP violation will begin in
the next few years and accumulate significant data by the
year 2000. As an indication of what these experiments can
accomplish, we show in Table | the sensitivity for sin28
and sin2a predicted for the BaBar experiment at SLAC
(1]. The BELLE experiment at KEK has similar sensitiv-
ity The HERA-B experiment expects to achieve a sensitiv-
ity 8(sin28) of 0.19 per year of running, assuming & pro-
duction cross section of 6 nb. CDF and DO. running at the
Tevatron after the Main Injector Upgrade, hope to achieve
comparable sensitivity.

While these experiments have an excellent opportunity to
observe CP violation and begin its study, many of us be-
lieve that these experiments will not answer all of the rel-
evant questions. The ¢"¢~ machines will simply run out
of produced B’s, unless some major new breakthroughs in

Table |
Predicted sensitivity for CKM angies for BaBar per Snowmass year
Mode Tagged 5(sin2¢)
events
K 1106 0.098
wK® 307 0.19
ke 346 0.20
St 1162 0.11




machine luminosity can be achieved. The expenments. as
planned. are aiready highly erficient. The hadron colliders.
on the other hand. are increasing their luminosity and the first
generation of detectors are limited in many ways. Signifi-
cant improvements in sensitivity can therefore be obtained.
Hadron colliders nave large cross secuons ror the full range
of particies containing b-quarks: B®. B=. B., B, and As's.
They theretore provide an exceilent opportunity for a broad
range of very high sensitivity studies of B-physics. includ-
ing mixing and CP violation. Many ofr us believe that there
shouid be a second generation of CP violation experiments
at hadron colliders whose goals are 1o greatly exceed the
capabilities of the first generation expenments,

We are considering the prospects for such an experiment
at the Fermiiab Tevatron. The requirements for such an ex-
periment are:

- It must consutute a significant improvement n sensitiv-
ity and scope over the first generauon experiments: and

- It must be nmeiv and compeutive with respect 1o any
follow-on expenments 10 first-generauon etfornts and with
respect to the proposed LHC-B expenment at the LHC [7].

3. Evolution of the Fermilab Tevatron Collider and its
program

Table 2 shows the evolution of the luminosity and bunch
spacing of the Fermilab Collider beginning in 1993 and pro-
Jjected to the year 2004 and beyond. While the luminosity
goals are now set, the bunch spacing for RUN III is still be-
ing evaluated by the machine experts who hope to be able
10 reduce it further. While there is optimism that some re-
duction can be achieved, there are significant problems still
to be solved.

The machine will continue to run at a center of mass
energy of 2 TeV during this period.

It is reasonably cenain that B experiments will not be able
to use the full luminosity of the Tevatron in RUN III. Be-
cause these experiments need precision vertex reconstruc-
tion, tracking ciements need to be piaced very close to the
interaction region. These elements then must deal with high
occupancy and with severe radiation environments. Equaily
important, the experiments must gigger against very large
backgrounds of uninteresting events and require time to
make the selection at the appropriate level. Most of us be-
lieve that these second-generation B-expenments will not be

Table 2
Luminosity evelution of the Tevatron Collider

Time pencd Luminosity Bunch spacing
{em* 5) ! (n$)

RUN 1 (1992-1996) 25 x10% 3500

RUN 11 (1998-2002) 20 x10% 396 — 132

RUN 111 (2004+) 1.0 x10% 132 (or less)

able to run much above | or 2 x 10°? without limiting their
scope. Since the aoility of the detectors and their triggers to
deal with muiuple interactions per crossing is not well un-
derstood but believed to be quite iimited, bunch spacing is
an important consideration.

Run [ will end in the late winter of 1996. By the end of
2002. the so-called RUN II will be over. Collider RUN IIl
is expected to begin around the year 2004,

Fermilab expects to continue to have only two interaction
regions capaole of supporting large detectors. One of these
regions wiil almost cerainly have a detector optimized for
high-£ or high-mass physics. It is not clear whether this
will be buiit on the foundation of one of the two existing
detectors or whether it will be essentially a completely new
detector.

The options for the other collision region are:
~ A second high-£: detector
~ A detector dedicated to and optmized for B-physics:

¢ i) bullt on the foundation of one of the exisung detectors:

or

(1i) a completely new detector,
~ Some other detector addressing other physics - such as a
full acceptance detector.

Recent recommendations by the Fermilab Program Ad-
visory Committee seem 1o favor a dedicated B detector of
an as yet unspecified kind. About 18 months ago, Fermilab
called for expressions of interest for experiments for Col-
lider Run III. A group of physicists, of which I am a mem-
ber, submitted an expression of interest ( so-called EOI-2)
(8] to conduct a detaiied design study for a dedicated B de-
tector at the Tevatron. One year ago, the iab set up an orga-
nization to provide resources to develop a simulation pack-
age 1o aid in the design of the detector and to provide a oo}
for the lab management to use to make independent evalu-
ations of various proposed experiments at Fermilab and to
compare them with experiments that will be running in the
same time frame. The software simulation package, known
as MCFAST [9], is now well along in its development. The
remainder of this paper describes some of the resuits which
have been obtained from the investigations associated with
the study by the EOI-2 group using MCFAST.

4. Recent simulation resuits

Consideration of future B-physics experiments at Fermi-
lab must start from the recognition that the two existing
detectors. CDF and DO, do have significant capabilities for
studying B physics and have hopes of improving those capa-
bilities in future upgrades. Any detector that wouid displace
one of them must demonstrate significantly higher sensitiv-
ity. In designing a detector for B physics at a hadron coi-
lider, one is faced with the fact that the events are distributed
over a very wide range in rapidity and transverse momen-
tum and the characteristics of the particles which must be
detected vary dramatically as a function of rapidity and P.
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Fig. 1. 3 = v for B-meson v n of B-meson.

Fig. 1 shows the 8 x ¥ of the B-mesons as a function of ra-
pidity. It is clear that the momentum of the B. the momenta
of the decay products, the separation of the production and
B-decay vertices, and the importance of mulitiple scattering
on venexing and tracking are all very strong functions of
the kinematics. Since B production is rather spread out. it
is possible to define a variety of detectors that have good
acceptance to a reasonabie fraction of the B production -
some which emphasize acceptance in the forward direction
and some which emphasize the central region. The reaj is-
sue is which detector has the optimum sensitivity ~ which
must be achieved by optimizing the efficiency and accep-
tance against the ability to reject rather large backgrounds.

To decide which geomerry is best and what the final sen-
sitivity is likely to be, one needs a systematic way to com-
pare the physics reach of various detector geometries: central
solenoidai type detectors ( such as CDF, DO. CMS {10], and
ATLAS [11]), forward collider detectors ( such as LHC-B
and COBEX) [7], a cenual dipole such as proposed for
BCD [12] and which is under study by the EOQI-2 group,
and various combinations such as a solenoid with (a) for-
ward dipole(s).

MCFAST gives us a tool to do these comparisons. It is
fast so we can simulate and analyze enough background
events (o prove that the required. very large background re-
jections are achievable. It is flexible enough to handle the
various geometries. It provides a reasonably accurate mode)
of the tracking system so issues like acceptance. momentum
and mass resolution. secondary vertex resolution, flavor tag-
ging, and triggering can all be studied. Muon detection and
electromagnetic calorimetry have been incorporated. Parti-
cle identification needs still to be included. The program is
interfaced to most popular event generators. The geometry
is specified using a simple ASCII file. Particles are traced
through detectors and are smeared to account for resolution

and muiupie scatenng. Decays in flight, ¥ conversions, and
muitiple interacuons per crossing are ail included. Tracking
of charged particies 1s done using 2 Kalman filter technique.

4.1. Comparisons of central and forward detectors

We have been doing detailed studies of the sensitivity of
a modei centrai detector and a model forward detector for
the decay BY — 777~

The central detector covers a rapidity range jn| < 1.5.
For this detector. the average (accepted) transverse B decay
distance is =50 um and the 3-dimensional decay distance
is 1.3 mm. The venex resoiution for the two-pion decay
mode is o = o, = 60 um and along the beam, o, = 120
pm.

The forward detector covers a rapidity range 1.5 < n <
4.5. For this detector. the average (accepted) transverse B
decay aistance 1s =300 um and the 3-dimensionai decay
distance s a few mm. The ventex resolution for the two-
pion decay moge is o = o, = 7 um and along the beam
direction, o, = 90 um.

The goal of this parucular simulation study is to provide a
credible estimate of the sensitivity of the measurement of the
CKM parameter sin 2a. The sensitivity is usually described
by a formula like:

1
( \/’é;Dmuag Dmeu:k V New recomesucrd )
(1)

d(sin2a) x

Here, Dmsug = (1 — 2w), where w is the fraction of wrong
sign tags from all sources including away-side mixing,
charm cascade, decay in flight, and hadron punchthrough;
Duage comes from relating the measured asymmetry to
the amplitude of the CP modulation. For this state, us-
ing a time-integrated analysis, Diae = 0.47; and Dyex =
\/signal evenis/total events is the reduction in the “ef-
fective” number of signai events due to the presence of
background.

For this analysis, after a 77 7~ state in the vicinity of the
B® mass which makes a good two track vertex is found, the
background rejection is obtained by further use of vernex in-
formation. Sources of background include pairs of particies
from the primary vertax which have the B invariant mass,
particles from two different B or charm vertices with the
right mass and which appear to verticize away from the pri-
mary veriex. particies from one B and the primary which
have approximately the right mass and which appear to ver-
ticize away from the primary.

The requirements that one can use to reject these back-
grounds and isolate a clean signal are:

- Ventex detachment: require L/o, where L is the sep-
aration of the primary and candidate 77 verex and o is
its uncertainty, to be greater than some cut, typicaily about
8. This requirement rejects most combinatoric background
from the primary.
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- B pointback: require the B reconstructed from the two
pions to point back to the primary vertex within a few stan-
dard deviations of the pointback resolution. This provides
excellent rejection power against particles coming from dif-
ferent B decay vertices.

- Daughters don’t point back: require the two daughter
pions to be inconsistent (individually) with the hypothesis
that they came from the primary vertex (or perhaps even
other secondary vertices) by at least a couple of standard
deviations of the individual particle pointback resolution.

It has been found that the background is dominated by
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events that contain two B's where one track is chosen from
each B. Since there are of order 10° times as many of these
events as there are events that truly coniain a B — #* 7™,
the requirements on background rejection are severe and
each cut’s efficiency and rejection must be carefully under-
stood and included in the sensitivity calculation.

Fig. 2 shows the L/o for the forward and central detec-
tor; Fig. 3 shows the pointback accuracy of the candidate B
10 the primary vertex; and Fig. 4 shows the pointback accu-
racy for the daughter particles with respect to the primary
verex.

We have used MCFAST to carry out a preliminary sen-
sitivity analysis for sin2a using a Monte Carlo sample of
40000 “signal” events generated with a B® decaying o
7%~ and 300000 “background” events each with two B's
decaying to all decay modes with our best knowledge of the
branching fractions.

Fig. 5 shows the signal and background for accepted and
reconstructed events for the forward detector. Recail that, in
all the histograms for the background, the bin populstions
need to be multiplied by 10* to correct the generated samples
to the real-worid ratio of the signal and background events.
Fig. 6 shows the same piot for the central detector. Finaily,
Figs. 7 and 8 show the effect of all the cuts, including the
pointback and non-pointback cuts described above.

The following observations are in order:

- The central geometry starts off with a higher total yieid
when only acceptance is considered. At this point, back-
ground would totaily swamp the signal;

- As cuts are piled on to reduce the background, the
central geomeny loses events more rapidly until, when all
the cuts are applied. the event yield is more than twice as
large for the forward geometry;
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- In many cases. the sensiivity to smail changes in the
cuts is greater ror the centrai detector so it is expected that the
predictions for the central geometry are less robust agamnst
“cut optimism’ than for the forward geometry:

- Detailed invesugauon shows that the roie of muitiple
scattenng s cruciai in understanding differences in the effi-
ciencies and rejections of the vertex cuts;

- While the plots of the background look clean when ail
cuts are appiied. one needs to rememoer that the bin popuia-
lions need to be muinplied by 10°. It is clear that the staus-
tics on the background are 100 iow: we are therefore gener-
ating a much larger sample of background events 10 correct
this. It is already ciear that these cuts result in a signai-to-
background roughly of | : !. This definitely needs to be
taken into account in esumatng the sensiivity to sin 2a.

- The anaiysis shown here is not compiete. [t neglects
particle identificauon which 1s needed to remove the decavs
B — K77 ana B. — K™K~ from the signai. It also
compietely negects triggenng ana it negiects Havor tagging,
which 1S necessary ror the observation of CP violation in
this state. A preliminary study of tagging using away-side
muons, one of several tagging strategies, indicates a further
loss of sensitivity of the centrai detector with respect o the
forward detector.

A very preliminary attempt to calculate the sensitivity to
sin 2« using a muon tag oniy and unoptimized cuts gives a
result of 0.17 for the uncenainty in sin 2a for the forward
geometry with one year of running at a iuminosity of 10°%. A
signai-to-background of 1 : | is used. The effect of wrong-
sign muon tags are inciuded. We expect other tagging strate-
gies to improve the uncenainty to less than 0.1 per year. We
have also begun to simulate a “dipole” geometry which has
a factor of two better acceptance and is expected to improve
the resuit to 0.05-0.07 per year.

5. Future pians

The study is now being extended 10 other states. such as
B — K. and DK states. The study wiil refine and conciude
i1s 13l survey of geomerries in the next year. Major areas
of investigation will be triggering, tagging strategies, and
parucie identification. We will, as part of the task, calculate
the sensitivity of the upgraded CDF and DO and of LHC-B,
If the outcome of the study shows that a competitive second
ceneration experiment can be camied out at the Tevatron,
the sroup will seek Fermilab's encouragement to submit a
lettier of intent.
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